The objective of this study is to design the biodegradable nanospheres of cationized gelatin as a carrier of cellular internalization of plasmid DNA. Ethylenediamine was chemically introduced into the carboxyl groups of gelatin to obtain cationized gelatin.
Introduction
Intracellular delivery of plasmid DNA has been tried for gene transfection either by viral or non-viral carriers system. Viral carriers of adenoviruses, retroviruses, adeno-associated viruses, and lentivirus possess the inherently high efficiency of gene transfection and have been extensively used for biological researches [1] [2] [3] [4] [5] [6] [7] . However, there are some problems to be resolved for the clinical trials, such as the immunological and/or toxic responses toward the carriers themselves. The genetic modulations of viral carriers have been attempted to reduce their biological responses [8] . As other different approaches, non-viral carriers have been explored to demonstrate several advantages over the viral carriers. For the non-viral transfection system, naked plasmid DNA alone or the complexes with cationic liposomes, cationic lipids, and cationic polymers have been utilized [9] [10] [11] [12] . However, the level of gene transfection is low compared with that of viral carriers, and the time period is shorter. To maintain the gene expression for a long time period, repeated transfection has been performed, but the frequent use of non-viral carriers is practically not acceptable and sometimes may cause toxicity. As one technology to resolve the issues, drug delivery system (DDS) of plasmid DNA is effective. Various sustained release of plasmid DNA with polymeric implants and hydrogels have been being investigated [13] [14] [15] [16] [17] [18] [19] .
Gelatin has been extensively used for industrial, pharmaceutical, and medical applications and the bio-safety has been proven through its long clinical use as biomaterial and drug ingredients [20] . Other advantages of gelatin include the availability of samples with various physicochemical natures and the simple chemical modification. Hydrogels of gelatin were effective in the sustained release of proteins and low-molecular-weight drug [21] [22] [23] [24] [25] [26] [27] . Cationized gelatin can readily be prepared by introducing amine residues to the carboxyl groups of gelatin. The biodegradable microspheres of cationized gelatin functioned as a good carrier for plasmid DNA release [28, 29] . The plasmid DNA was released from the gelatin microspheres as a result of their degradation [21] .
In this study, the biodegradable nanospheres with a narrow size distribution were prepared from cationized gelatin to allow plasmid DNA to internalize into cells for the intracellular sustained release. A filtration method was used to prepare nanosopheres and the degradability of nanospheres was charged by altering their crosslinking condition in preparation. The nanospheres degradation was examine in the HCl solution or collagenase solution. We examined the cellular internalization of cationized gelatin nanospheres with different crosslinking densities and the subsequent sustained release of plamid DNA intracellularly.
Materials and Methods

Preparation of cationized gelatin
The carboxyl groups of gelatin, with an isoelectric point of 9.0 and the weight-avaraged molecular weight of 99,000, prepared by an acidic process of pig skin (Nitta Gelatin Inc., Osaka, Japan), were converted by chemically introducing amino groups for cationization of gelatin [21] . Ethylenediamine (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was added at a molar ratio of 50 to the carboxyl groups of gelatin into 250 ml of 100 mM phosphate-buffered solution (pH 5.0) containing 5.0 g of gelatin. Immediately after that, the solution pH was adjusted to 5.0 by adding 11 M HCl aqueous solution. Further, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride salt (Nacalai Tesque. Inc., Kyoto, Japan) was added at a molar ratio of 3 to the carboxyl groups of gelatin. The reaction mixture was agitated at 37 °C for 18 hr and then dialyzed against double-distilled water (DDW) for 48 hr at room temperature.
The dialyzed solution was freeze-dried to obtain a cationized gelatin. When determined by the conventional 2,4,6-trinitrobenzene sulfonic acid (TNBS, Wako Pure Chemical Industries, Ltd., Osaka, Japan) method [30] , the percentage of amino groups introduced into gelatin was 45 mole% per the carboxyl groups of gelatin.
Preparation of cationized gelatin microspheres and nanospheres
Spheres with different sizes were prepared from cationized gelatin by two methods. For the first method, aqueous solution of 10 wt% cationized gelatin (10 ml) was preheated at 40°C and then added dropwise into 600 ml of olive oil preheated at 40°C, while an impeller stirring at 400 rpm was used for 10 min to yield a water-in-oil emulsion. The emulsion temperature was decreased to 4 °C for the natural gelation of gelatin solution. The resulting microspheres were washed three times with cold acetone, collected by centrifugation (5,000 rpm, 4°C, 5 min), fractionated in size by sieves with an aperture of 32 m and air-dried at room temperature. The non-cross linked and dried gelatin microspheres (100 mg) were placed in a vacuum oven (Sato vacuum machinery industrial Co., LTD., Tokyo, Japan) at 160°C for different time periods to allow them to dehydrothermally crosslink.
The second preparation was done according to the filtration method reported previously [31] . Briefly, aqueous solution of 2.5 wt% cationized gelatin (10 ml) was preheated at 40 °C and applied to an apparatus of emulsion preparation (External pressure type micro kit, SPG Technology Co. Ltd., Miyazaki, Japan). The solution was filtered under a pressure of 350 kPa through a grass membrane with homogenous pores of 0.2 or 0.6 m (SPG membrane, SPG Technology Co. Ltd., Miyazaki, Japan) and dispersed in 2-butanol, acetone, and the mixture to prepare a water-in-oil emulsion. The resulting emulsion was air-dried at room temperature to obtain non-crosslinked cationized gelatin nanospheres. The non-crosslinked and dried gelatin microspheres (100 mg) were placed in vacuum oven at 160 °C for different time periods to allow them to dehydrothermally crosslink. The shape of crosslinked gelatin microspheres was observed by a transmission electron microscope or a light microscope.
Measurement of water content and crosslinking density of cationized gelatin microspheres and nanospheres
Cationized gelatin microspheres or nanospheres dehydrothermally crosslinked (2 mg) were fully swollen in DDW for 3 hr at 37 °C to reach an equilibrium state. Then, the picture of swollen spheres and dried ones before swelling were taken under microscope (Olympus Corp., Tokyo, Japan). The diameter of 400 cationized gelatin microspheres and nanospheres in the swollen and dried states was measured to calculate 
Preparation of mesenchymal stem cells
Mesenchymal stem cells (MSC) were prepared from the bone marrow of 3-week-old, male Wister rats (Shimizu Laboratory Supplies Co., Ltd., Kyoto, Japan) according to the conventional procedure reported [33] . Briefly, both the ends of rat femurs were cut away from the epiphysis, and the bone marrow was flushed out using a syringe (21 gauge needle) with 1 ml of PBS. The cell suspension was centrifuged and resuspended in 4 ml of alpha minimum essential medium (MEM) supplemented with 15 vol% fetal calf serum (FCS), penicillin (50 U/ml), and streptomycin (50 U/ml) (standard medium) and placed into two 25 cm 2 flasks (Iwaki Glass Co., Funabashi, Chiba, Japan), followed by culturing at 37 °C in a 95% air-5% carbon dioxide atmosphere. The medium was exchanged 3 days after the culture and thereafter every 3 days. When the cells became sub-confluent, 7 to 10 days culture later, they were detached by treatment with PBS containing 0.25 wt% trypsin and 0.02 wt% ethylenediaminetetraacetic acid for 5 min at 37 °C, and subcultured at a density of [35] . Experiments were performed independently 3 times for each group.
Statistical analysis
Data were expressed as means ± standard deviations. Data were analyzed using Tukey-Kramer paired comparison test, while the significance was accepted at p<0.05. On the other hand, the microspheres were degraded more slowly. 
Results
Preparation of cationized gelatin microspheres and nanospheres
Degradation profiles of cationized gelatin microspheres and nanospheres
Discussion
The present study demonstrates that the nanospheres of cationized gelatin were a good carrier to allow plasmid DNA to internalize into cells and subsequently release intracellularly. The cellular internalization of nanospheres was greatly influenced by their size and the subsequent intracellular release of plasmid DNA was governed by the degradability of nanospheres. The nano-orders spheres could be prepared effectively by the filtration method and their distribution in size was narrow compared with those prepared by the conventional stirring method ( Table 1) . The plasmid DNA was released from the nanospheres as a result of their degradation as reported previously [21] . The prolonged time period of plasmid DNA release in the cells was observed for the nanospheres with slower degradability which can be change by the time period of dehydrothermal treatment (Figure 11) .
The filtration method was effective in preparing nanospheres with a narrow size distribution. It is possible that the narrow size distribution of nanospheres resulted from the permeation of gelatin solution through the membrane with a homogenous pore size. This procedure will generate effectively the same volume of gelatin solution.
When the gelatin solution was poured into the non-solvent of gelatin, gelatin molecules were precipitated to form spheres. Since the concentration and volume of gelatin solution poured are similar, the size of gelatin precipitates would become similar. The size depended on the type of solvents used ( Table 1) . In acetone, the size of nanospheres was very small. This is because acetone has a strong dehydration property compared with 2-butanol. It is likely that the solution of cationized gelatin was strongly dehydrated in acetone, resulting in formation of small-size nanospheres due to the strong precipitation. The degradation profiles of nanospheres depended on the time period of dehydrothermal treatment in preparation. The dehydrothermal treatment enables gelatin molecule to intramolecularly crosslink between the carboxyl and hydroxyl or amino groups by excluding water from molecules. Longer treatment increased the crosslinking extent of gelatin molecules. It is apparent that the increase in the time period of dehydrothermal crosslinking resulted in the higher crosslinking density of microspheres and nanospheres prepared (Figures 4 and 5) . It is highly conceivable that higher crosslinking density of spheres brought about their slower degradation [36] . A good correlation of spheres degradation and their crosslinking density was observed in the HCl test (Figure 5) . However, the correlation was not in the degradation test of collagenase solution (Figure 6 ). This can be explained in terms of the crosslinking homogeneity and the molecular size of HCl and collagenase molecules.
Irrespective of the spheres size, as the crosslinking was homogenous in the spheres, it is likely that the degradation rate of spheres depends on their crosslinking density. The higher the crosslinking density, the longer the time period of spheres degradation.
However, the molecular size of collagenase is much larger than that of HCl.
Consequently, the degradation by collagenase will be greatly influenced by the crosslinking density of microspheres and nanospheres. When the crosslinking density per one sphere is same, the molecular density per one microsphere will be lower for larger spheres than that of larger ones. As a result, the small spheres would be degraded slowly (Figure 6 ).
Small nanospheres were internalized into cells, in remarked contrast to larger ones. Since MSC are non-phagocytic cells, it is known that the cells cannot take up larger particles [37, 38] . In this study, the size dependence of spheres internalization was observed (Figure 10) . The nanospheres prepared for longer treatment time in dehydrothermal crosslinking were slowly degraded even inside the cells compared with those for the shorter treatment time (Figure 11) . The longer retention of plasmid DNA in the cells was detected for the nanospheres slowly degraded (Figure 11 ). This strongly suggests that the nanospheres were degraded intracellularly with time, resulting in the release of plasmid DNA incorporated. It is concluded that the filtration method was effective in preparing biodegradable gelatin nanospheres with a narrow size distribution for the intracellular plasmid DNA release. 
